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Salt sensitivity in genetically hypertensive rats of the Lyon strain. ity is, at least in part, genetically determined, as it is more
Background. Genetically hypertensive (LH) rats of the Lyon frequent in black patients [6] and since salt-sensitive rat
strain exhibit a blunted pressure-natriuresis function when strains have been developed [3, 4]. However, despitecompared, in acute conditions, with their normotensive (LN)
intensive efforts, the mechanisms involved remain un-and low blood pressure (LL) controls. The present work was
known [7–9].aimed to determine whether LH rats were salt sensitive in
chronic conditions. In addition, a protocol was developed to Sodium sensitivity has never been studied in chronic
determine the renal function curve in freely moving rats. conditions in the Lyon genetically hypertensive (LH) rats.
Methods. Fourteen-week-old rats either untreated or orally Previous acute experiments showed a blunted slope oftreated since weaning with perindopril (3 mg/kg/24 h), an angio-
the pressure-natriuresis curve [10, 11], which according totensin-converting enzyme inhibitor, or with valsartan (15 mg/kg/
Guyton’s study determines the BP response to increased24 h), an angiotensin II subtype 1 receptor antagonist, so as to
eliminate the influence of endogenous changes in angiotensin salt intake [12], thus suggesting that LH rats should be
formation were used. Blood pressure (BP) and urinary sodium salt sensitive in addition of being spontaneously hyper-
excretion were measured before, during an oral salt load (2%
tensive. However, since it is difficult to extrapolate fromNaCl in drinking water), and during a two-week aldosterone
acute studies in anesthetized rats to chronic situations,infusion (50 mg/kg/24 h subcutaneously).
Results. NaCl induced a greater BP increase in untreated we developed a series of experiments to answer three
LH rats than in LN and LL controls. Perindopril normalized questions: (1) Are freely moving LH rats more sensitive
the BP of LH rats but not its elevation during a salt load. to salt than their two normotensive (LN) and low-BP
Aldosterone slightly increased BP in LH and LL rats either
(LL) counterparts? (2) Should salt sensitivity require auntreated or treated with valsartan. Finally, the combination
functional renin-angiotensin system? (3) Could it involveof telemetric BP measurement with 24-hour urine collection
when salt was added to drinking water allowed accurate deter- an exaggerated response to mineralocorticoids, as sug-
mination of the slope of the chronic renal function curve in gested by the fact that adult LH rats exhibit low renin
freely moving rats. [13] and aldosterone [14] secretion rates? In addition,Conclusion. The present work demonstrates that LH rats
we thought it useful to design a protocol that allowsare salt sensitive. This characteristic manifests despite the lack
of an active renin-angiotensin system and is not explained by precise determination of the characteristics of the
a hypersensitivity to aldosterone. chronic renal function curve in freely moving rats.
METHODSThe blood pressure (BP) response to salt loading is
highly variable in humans [1, 2] as well as in rats [3, 4]. Animals
Patients who have significantly elevated BP values when One hundred seven male LH, LN, and LL rats were
salt-loaded are called “salt-sensitives” or “nonmodula- used [15]. Animals were housed under controlled condi-
tors,” as their renin-angiotensin-aldosterone system is tions (temperature, 21 6 18C; humidity, 60 6 10%; light-
unable to normally lower its activity [5]. This salt sensitiv- ing, 8 to 20 hours). The studies were conducted in accor-
dance with our institutional guidelines for animal care.
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Telemetric blood pressure monitoring. Aortic BP was made of three successive periods: 7 days of normal so-
dium intake (diet containing 0.3% sodium 1 tap water),continuously measured by telemetry in freely moving
21 days of high salt intake (diet containing 0.3%rats. The telemetric radiotransmitter (TA11PA-C40;
sodium 1 2% NaCl as drinking water), and finally, 6Data Sciences International, St. Paul, MN, USA) was
days of normal salt intake. During the whole study, 24-implanted as previously described [16]. Briefly, rats were
hour BP was beat-to-beat recorded each of the 3 days,anesthetized with halothane (2% in oxygen). Through a
and 24-hour urines were simultaneously collected. Inmidline abdominal incision, a fluid-filled sensor catheter
each animal, the pressure diuresis and natriuresis rela-was inserted in the aorta just above the iliac bifurcation.
tionships were established using 12 values of 24-hourRats received a subcutaneous injection of penicillin G
MBP and diuresis or natriuresis values except for few(50,000 U) during the three following days and were
untreated rats, especially LH, in which only 10 valuesallowed one week to recover. They were then placed in
could be used due to a dramatic drinking decrease (lessmetabolic cages for one week of accommodation. On
than 50% compared with normal salt intake) during thethe first day of the study, that is, two weeks after surgery,
first four days following the sodium load. At the enda receiver (RLA 1020; Data Sciences International) was
of each period, 24-hour urinary protein excretion wasplaced on the top of the cage to receive the BP radio
measured using pyrogallol red colorimetric method [19].signal. Because of a digitizer (R11CPA; Data Sciences
Protocol 3: Chronic pressor effect of aldosterone. ThisInternational) connected to the receiver, BP was moni-
study was conducted in LH and LL rats either untreatedtored using a computerized system (LabView Software;
or treated with an angiotensin II subtype 1 (AT1) recep-National Instruments, Austin, TX, USA). BP curve was
tor antagonist, valsartan (Novartis, Basel, Switzerland),sampled every 2 msec and was stored on CD-ROM. Off-
at the dose of 15 mg/kg/24 h in the drinking water fromline data processing was performed with a workstation
three weeks of age up to the end of the experiments.(Sun Microsystems, Mountain View, CA, USA) so as to
Valsartan was used to suppress the effects of variationsobtain beat-to-beat values of SBP, diastolic BP (DBP),
of endogenous angiotensin II on aldosterone secretionmean BP (MBP), and heart rate (HR) and to perform
and to avoid any bradykinin accumulation. The dosestatistical analyses [17].
used was defined in preliminary experiments. At 12
weeks of age, animals were instrumented for telemetricExperimental protocols
BP monitoring. After the usual recovery of two weeks,Protocol 1: Pressor effect of an oral salt load. At three
cardiovascular and urinary parameters were studied inweeks of age, LH, LN, and LL rats were randomly di-
14-week-old rats receiving a normal-salt diet containingvided into two groups. One group remained untreated,
0.3% sodium before and during a d-aldosterone (Sigma
while the other received perindopril (Servier Labora- Chemical Co., St. Louis, MO, USA) subcutaneous infu-
tories, Neuilly-sur-Seine, France), an angiotensin-con- sion for two weeks via an osmotic minipump (Alza Cor-
verting enzyme (ACE) inhibitor, at the dose of 3 mg/ poration, Palo Alto, CA, USA) at the dose of 50 mg/
kg/24 h, which has been shown to normalize BP in LH kg/24 h [20]. A polyethylene catheter (PE-60) filled with
rats [18]. Perindopril was given in drinking water up to saline was added at the exit of the minipump so as to
the end of the experiments. Its concentration was ad- delay the arrival of aldosterone in the organism by 48
justed weekly according to body weight and water intake. hours. This avoided the interference of the surgical stress
Starting at 14 weeks of age, indirect SBP was measured of minipump implantation and allowed us to monitor
weekly during four successive periods: two weeks of nor- accurately the very early aldosterone effects on BP. Dur-
mal salt intake (diet containing 0.3% sodium 1 tap wa- ing the whole study, BP was beat-to-beat recorded during
ter), three weeks of moderate salt load (diet containing 24 hours each of the 3 days, and 24-hour urines were
0.3% sodium 1 1% NaCl as drinking water), three weeks simultaneously collected, except at the beginning of the
of high salt load (diet containing 0.3% sodium 1 2% aldosterone infusion, during which BP was recorded for
NaCl as drinking water), and finally two weeks of normal 48 consecutive hours in order to define more precisely
salt intake. the acute effects of aldosterone. Food intake was daily
Protocol 2: Determination of the chronic renal function evaluated in order to calculate the sodium balance.
curve in freely moving rats. Two groups of LH and LL
Statistical analysisrats were used. Group 1 remained untreated, whereas
group 2 received perindopril from three weeks of age Values are means 6 SEM. The effects of treatments
up to the end of the experiments, as described previously and salt were compared between groups by a one-way
in the protocol 1. At 13 weeks of age, the animals were analysis of variance. Within groups, comparisons used a
instrumented for telemetric BP monitoring and then one-way analysis of variance with repeated measures
placed in individual cages for one week of recovery and over time. Nonparametric Mann–Whitney and Wilcoxon
in metabolic cages for another week of habituation. Ex- tests were also used where appropriate. P , 0.05 was
considered statistically significant.periments started in 15-week-old rats and lasted 34 days
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Fig. 1. Indirect systolic blood pressure (SBP)
during normal and high salt intake in (A) un-
treated and (B) perindopril-treated (3 mg/
kg/24 h) Lyon hypertensive (LH; squares),
Lyon normotensive (LN; triangles), and Lyon
low blood pressure (LL; circles) rats. *P ,
0.05 LH vs. LN and LL rats.
RESULTS In perindopril-treated rats, baseline MBP, HR, urinary
sodium, and protein excretions did not markedly differPressor effect of an oral salt load
between the two strains before the salt load. Two percent
In untreated 14-week-old LH rats receiving a normal NaCl elevated MBP of LL rats during the first week,
salt diet (Fig. 1), indirect SBP was significantly higher and afterward, it remained stable at 27 mm Hg above
than in LN and LL rats. As usual, these two latter strains baseline, whereas HR was decreased during the whole
exhibited a similar SBP level. After 1% NaCl was added salt-load period. Urinary sodium and protein excretions
in drinking water, SBP of LH rats increased rapidly dur- were also elevated. LH rats responded by a slow increase
ing the first week. In LN and LL rats, 1% NaCl induced in MBP associated with a profound decrease in HR.
only a slight increase in SBP, and 2% NaCl induced an Then MBP increased more rapidly to reach a maximum
additional progressive SBP elevation in LH rats, but not of 73 mm Hg above baseline, while HR returned to
in LN and LL rats. After cessation of the high salt intake, presalt values. Although perindopril nearly normalized
SBP immediately decreased in LH rats. urinary protein excretion in LH rats, it did not fully
Perindopril given just after weaning completely pre- prevent the salt-induced proteinuria. One week of nor-
vented hypertension in LH rats. Consequently, at the mal salt intake allowed these parameters to return to
beginning of the study, treated LH, LN, and LL rats had presalt values in both strains.
the same indirect SBP. One percent and then 2% NaCl Figures 3 and 4 show the individual chronic pressure-
added in the drinking water did not markedly change natriuresis curves obtained in freely moving animals. The
SBP in LN and LL rats, while it significantly increased individual curves are presented, as they demonstrate that
SBP in perindopril-treated LH rats. The overall SBP the combination of telemetric measurement of BP and
response of perindopril-treated LH rats to salt was of a salt load, made of drinking water added with NaCl,
greater (97 6 12 mm Hg) than that of untreated LH allows characterization of these slopes in all of the rats.
animals (57 6 2 mm Hg). Table 1 shows that this characterization is accurate, as
the lowest coefficient of correlation observed between
Chronic renal function curve in freely moving rats MBP and diuresis was established above 0.83. It also
Since LN and LL rats did not differ in terms of BP indicates that untreated LH rats exhibited significantly
response to salt load, the subsequent studies used only less steep slopes than LL rats for both diuresis and natri-
LL as controls for LH rats. In basal conditions (Fig. 2), uresis. Perindopril decreased the slopes of the renal func-
untreated LH rats differed from LL by a high MBP, a tion curve in all of the animals, this effect being more
low HR, and an elevated urinary protein excretion. In marked in LL than in LH rats.
LL rats, 2% NaCl slightly increased MBP and decreased
Chronic pressor effect of aldosteroneHR. An increase in urinary sodium was associated with
a doubled protein excretion. In these same conditions, In untreated rats, aldosterone administration induced
LH rats progressively developed a marked hypertension a slight but significant elevation in MBP (Fig. 5), which
and a transient bradycardia. Urinary sodium and protein reached a maximum of 9 6 2 mm Hg in LH and 6 6 1
excretions were markedly enhanced. One week of nor- mm Hg in LL rats. The sodium balance was significantly
mal diet allowed these parameters to return to presalt increased the first day in LH rats only (from 0.41 6 0.13
to 0.90 6 0.14 mmol/day, P , 0.05). In valsartan-treatedvalues in both strains.
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Fig. 2. Mean blood pressure (MBP), heart
rate (HR), urinary sodium (UNaV), and pro-
tein excretions during normal and high salt
intake in (A) untreated and (B) perindopril-
treated (3 mg/kg/24 h) LH (squares) and LL
(circles) rats. N 5 8 in the LH and N 5 6 in
the LL untreated groups; N 5 7 in the LH
and N 5 6 in the LL treated groups. *P ,
0.05 LH vs. LL rats.
animals, despite their lower MBP values, the effects of Concerning spontaneously hypertensive rats (SHRs), the
results are more controversial. While SHRs are fre-aldosterone on MBP, sodium, and water balances were
quently found to be salt sensitive [21, 22], substrains ofsimilar to those observed in untreated rats.
SHRs have been reported to be salt resistant [23–25].
Since the response of LH rats to a salt load was not
DISCUSSION known, this series of experiments was designed to charac-
The major findings of the present work are the follow- terize it and, in the case of salt sensitivity, to determine
ing: (1) the BP of LH rats is salt sensitive; (2) this salt- whether it was primary or secondary to hypertension,
sensitivity does not require an active renin-angiotensin and finally, to examine the role of the Lyon strain’s
system; and (3) it is not due to an increased response to sensitivity to mineralocorticoids. In that order, LH rats
the effects of aldosterone. In addition, to our knowledge were compared with their two normotensive control
for the first time, we describe a method that allows an strains, LL and LN rats, which are genetically pure and
accurate characterization of the chronic renal function different, while exhibiting the same BP level associated
curve in freely moving rats. with a larger body weight in LL than LN rats [15].
It is well established that the BP sensitivity to salt in The first approach used indirect measurements of SBP
rats has several genetic determinants, as demonstrated in rats receiving a standard diet and tap water, then 1%
NaCl as a drinking solution, followed by 2% NaCl beforeby the selection of the Dahl [3] and Sabra [4] strains.
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Fig. 3. Individual relationships between 24-hour mean blood pressure (MBP) and 24-hour urinary sodium excretion (UNaV) in untreated (A; s)
LL and (B; h) LH rats.
Fig. 4. Individual relationships between 24-hour mean blood pressure (MBP) and 24-hour urinary sodium excretion (UNaV) in perindopril-treated
(A; d) LL and (B; j) LH rats.
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Table 1. Slopes of the chronic renal function curves in freely moving Lyon hypertensive (LH) and Lyon low blood pressure (LL) rats
Pressure-natriuresis Pressure-diuresis
Slope Slope
N mmol/mm Hg/24 h r mL/mm Hg/24 h r
Untreated
LL 6 1.7060.09 0.9460.02 3.0860.30 0.8960.03
LH 8 0.6460.04a 0.9060.02 1.5660.10a 0.8860.02
Perindopril
LL 6 0.8160.05c 0.9060.01 1.3660.17c 0.8360.02
LH 7 0.5360.04a,b 0.9560.01 1.1260.08b 0.9260.02
Results are means 6 SEM; r is the correlation coefficient of the linear fit.
a P , 0.01 vs. LL
b P , 0.05 and c P , 0.01 vs. untreated
returning to tap water. It was observed that the salt load nary experiments using an 8% NaCl-containing food
showed that the sodium intake and excretion immedi-progressively increased SBP in LH rats, while that of
their two normotensive counterparts remained stable. ately reached their maximum so that only two points
could be used to calculate the pressure-natriuresis curve.Thus, LH rats, besides their spontaneous hypertension,
are salt sensitive. Since this sensitivity could be secondary In contrast, when NaCl is added in the drinking water,
the consumption rises with time, thus allowing each indi-to genetic hypertension and/or hypertension-induced
target organ damages [10], we used animals treated with vidual curve to be accurately computed. Before any salt
load, LH rats exhibited a sevenfold higher proteinuriaperindopril since weaning. This allowed studying of the
effects of salt in three strains of rats that exhibited similar than LL rats, which at the end of the salt load was almost
doubled in both strains. Although it is well establishedBP and peripheral hemodynamics, including renal vascu-
lar resistance and glomerular filtration rate [10, 18, 26]. that sodium aggravates renal lesions and increases uri-
nary protein excretion [30], it was interesting to observeIn these conditions, the salt load still increased SBP more
markedly in LH rats than in LN and LL controls. Thus, that urinary protein excretion as well as BP rapidly re-
turned to presalt values after interruption of the salta normalization of genetically high BP with ACE inhibi-
tion did not prevent the salt sensitivity of LH rats. Even load. This demonstrates that during such a short period
of salt abuse, irreversible lesions did not develop. Thus,more, the SBP response to salt was more marked in
ACE-inhibited LH rats than in untreated rats. Similar it is suggested that the observed increases in urinary
protein excretion could be related to an increase in in-responses were reported in SHRs [27]. They are logical,
since part of the maintenance of a normal BP in animals traglomerular pressure due either to BP elevation and/or
to an enhanced postglomerular vasoconstriction. Thisfacing a salt load is allowed by a decreased activity of
the renin-angiotensin system [28]. This is also in good latter hypothesis could be explained by a potentiation
of the angiotensin II vasoconstrictor effects by NaCl [31],accordance with the fact that adult LH rats already ex-
hibit a low and poorly reactive renin secretion rate [13]. as suggested by the effects of perindopril discussed later
in this article.However, it is worth noting that perindopril-treated LN
and LL rats maintained their normal SBP values during Early and chronic treatment with perindopril normal-
ized BP and urinary protein excretion in LH rats. It didsalt load, thus suggesting that other neurohumoral mech-
anisms in these two normotensive strains are able to not blunt the BP response to salt as well as its effects
on urinary protein excretion. The increased BP in perin-compensate for the lack of an adaptable renin-angioten-
sin system. dopril-treated LH rats was associated with a fall in HR
that was significantly greater than in untreated LH ani-The subsequent studies used only LL rats as controls
since the SBP of LN and LL rats as well as their response mals. This is in accordance with previous works showing
that ACE inhibition improved the cardiac baroreflexto salt were identical. In addition, the body weight of
LH rats is closer to that of LL than that of LN, and LH function in SHRs as well as in LH rats [32, 33]. This
bradycardia did not last more than two weeks in LHand LL rats share the same renin gene allele [29]. From
a methodological point of view, it was demonstrated here rats, thus suggesting that an overstimulation of the sym-
pathetic nervous system progressively occurred duringthat the combination of telemetric measurement of BP
with repeated 24-hour urine collections during changes salt load [34, 35], which could contribute to further BP
elevation. Perindopril profoundly decreased the slope ofin oral sodium intake allowed a precise determination
of the chronic renal function curve. We observed that the pressure-diuresis and -natriuresis curves in LL but
not in LH animals. Such a difference may be explainedthe salt load had to be in the form of NaCl added in the
drinking water and not from an 8% NaCl diet. Prelimi- by the fact that, in LH rats, the renin secretion is less
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Fig. 5. Mean blood pressure (MBP), sodium,
and water balance before and during chronic
aldosterone administration in (A) untreated
and (B) valsartan-treated (15 mg/kg/24 h) LH
(squares) and LL (circles) rats. *P , 0.05 LH
vs. LL rats; N 5 6 in the untreated groups
and N 5 7 in the treated groups.
adaptable to salt than in LL rats. Indeed, a lack of renin with ACE inhibitors. Such a lack of hypersensitivity to
the sodium-retaining effects of aldosterone is in goodadaptation was already observed in response to changes
agreement with the normal metabolism of mineralocorti-in renal perfusion pressure and b-adrenergic stimulation
coids [38], and the absence of mutation in the b subunitin LH rats both in vivo [13] and in vitro [36]. Taken as
of the sodium epithelial channel in LH rats [39].a whole, our results support the assumption that LH rats
In conclusion, the present work demonstrates that LHcould be a model of “nonmodulator” hypertensives. The
rats are salt sensitive and resemble “nonmodulator” hy-explanation for this lack of adaptation of the renin-angio-
pertensives. The mechanisms of this salt sensitivity re-tensin system remains unclear. However, a total body
main to be elucidated. At least, it is shown that theysodium retention should be a likely hypothesis, as re-
do not involve an active renin-angiotensin system or ancently demonstrated in dogs by Seeliger et al [37]. It may
enhanced response to mineralocorticoids.also explain the low renin and aldosterone secretion seen
in adult LH rats [13, 14].
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